In this paper, surface degradation of hair is reviewed. Surface properties such as hydrophobicity and surface friction change as surface structures of hair fiber, that is, 18-methyleicosanoic acid (18-MEA) and epicuticle, degrade. Comparison of contact angle and amount of 18-MEA from root to tip of the sampled hair fibers clarified the contribution of not only 18-MEA but also epicuticle to surface properties. It was found that chemical treatment by itself, such as bleaching, is not enough to cause complete loss of hydrophobic nature even after 18-MEA is removed. Additional weathering processes, such as repeatedly shampooing, are required. A technology for the deposition of a persistent hydrophobicity to bleached and weathered hair surfaces using 18-MEA is presented. Combination of 18-MEA with specific cationic surfactants (Stearoxypropyldimethylamine: SPDA) made the bleached and weathered hair surface hydrophobic, and its hydrophobicity was maintained even after shampooing. Characterization of adsorbed layers of 18-MEA/SPDA on a mica surface, as a possible hydrophilic surface model, was performed using atomic force microscopy (AFM) and angle-resolved X-ray photoelectron spectroscopy (AR-XPS). The effects of the anteiso-branch moiety of 18-MEA to create a persistent hydrophobicity with 18-MEA/SPDA were investigated using controlled AFM. It was revealed that the anteiso-branch moiety of 18-MEA in the 18-MEA/SPDA system produces a persistent hydrophobicity by providing higher fluidity to the upper region of the 18-MEA/SPDA layer. The contribution to hair beauty and sensory feeling as one of the practical functions of the hair surface is described in this paper. The hydrophobic nature of the hair surface reduces surface friction in a wet state, which reduces hair disorder alignment. It is also revealed that the moisturized or dried out feeling strongly depends on the hair shape (meandering and diameter) which depends on hair surface properties in a wet environment.
Introduction
Healthy and beautiful hair is desirable for many women with hair damaged by chemical treatments, heat styling and environmental factors. Various hair care products have been developed for improving hair beauty. Detailed knowledge of the surface structure and properties of hair is essential for developing unique hair care technologies. The cuticle is located on the outside of the hair fibers, protecting the cortex. It has been suggested that the outermost surface of the cuticle cells has been covered by a monolayer of covalently bound fatty acids, a major component of which is 18-methyleicosanoic acid (18-MEA) [1] [2] [3] [4] .
18-MEA is an unusual branched-chain fatty acid. It is covalently bound, possibly via thioester or ester linkage, to the cuticle surface of hair fibers [5] [6] [7] [8] . It is known that 18-MEA creates a hydrophobic surface and acts as a boundary lubricant to reduce friction resistance between hair fibers [9] [10] [11] [12] [13] [14] .
1.
To better understand the relationship between surface properties and the amount of 18-MEA. 2.
To clarify contribution of epicuticle to the surface properties such as hydrophobicity.
3.
To regenerate the hydrophobic layer onto hair surface using 18-MEA and clarify the role of the anteiso-branch at the terminal of alkyl chain of 18-MEA. 4 .
To clarify the contribution of 18-MEA to practical aspects such as hair appearance and sensory perception.
Materials and Methods

Materials
Hair Fibers
Sampled hair fibers for study of the relationship between surface properties and the amount of 18-MEA were prepared as follows. Hair fibers were kindly provided by 48 Japanese females cut at the root end. Each fiber was cut at 5cm intervals from the root end to the tip after washing. Chinese hair, Blonde hair and Brunette hair were also kindly provided by female volunteers. The number of volunteers were 19 for Chinese hair, 19 for Blonde hair, and 11 for Brunette hair. These hair fibers were treated by the same procedure as Japanese hair.
Untreated hair, bleached hair (B4 hair), and bleached and weathered hair (B4W hair) for study of the contribution of epicuticle to surface properties were prepared as follows. Hair fibers were kindly provided by Japanese females who had no experience of chemical hair treatments. Hair fibers were cut from the root end. B4 hair was prepared by four times treatment with bleaching lotion for 20 minutes. Formulation of bleaching lotion is listed in Table 1 . B4W hair was prepared by 4 times bleaching treatment coupled with model weathering 360 times. 90 times model weathering was carried out between every bleaching. The procedure is described in the following article [15] . The shampoo formulation is listed in Table 2 . Table 1 . Formulation of bleaching lotion (pH 9.0).
35% Hydrogen peroxide
10 wt % 28% Ammonia Water 2.7 wt % Ammonium Bicarbonate 5.6 wt % Cetyl trimethylammmonium chloride 2.0 wt % EDTA/2Na 0.5 wt % Water Balance Untreated hair and bleached and weathered hair for study of regeneration of the hydrophobic layer onto hair surface using 18-MEA were prepared as follows. Hair fibers were kindly provided by a Japanese female. The fibers were cut at approximately 20 cm from the root end. The hair had Preparation of 18-MEA removed hair for study of contribution of 18-MEA to hair appearance was as follows. Hair fibers kindly provided by a Japanese female were treated with a solution of 0.1M potassium t-butoxide in t-butanol, for 5min at room temperature, and at a liquor:fiber ratio of 10:1. The alkali was then removed by rinsing the hair with t-butanol (2×), ethanol and, finally, by washing in water.
Hair fibers for study of hair shape and sensory perception were prepared as follows. Hair fibers were kindly provided by 19 Japanese females. The fibers were cut at a distance of approximately 15 cm from the root on the back of their head. 19 hair swatches (20) (21) (22) (23) (24) (25) cm in length, 15-20 g in weight), which had experienced a variety of damage. The hair swatches were washed with a plain shampoo which formulation is written in Table 1 . The wet hair swatches were then towel dried, followed by air drying without tension.
Mica as a Model for the Hydrophilic Surface
A fresh mica sheet was used as a model for the hydrophilic surface of bleached and weathered hair. Mica sheets of approximately 10 mm × 10 mm × 0.1 mm were cleaved on both sides immediately prior to use. They were then immersed in a conditioner solution for 1 minute at 40 • C. The mica sheets were then rinsed under running distilled water for 30 seconds and naturally dried.
Procedure of conditioner treatment to mica was as follows. Mica sheets were immersed in a conditioner solution for 1 minute at 40 • C. The mica sheets were then rinsed under running distilled water for 30 seconds and naturally dried.
Chemicals
18-methyleicosanic acid (18-MEA) and stearoxypropyldimethylamine (SPDA) were obtained by chemical synthesis [16, 17] . Other chemicals were commercially available.
Methods
Amount of 18-MEA and Sulfonate Group on the Surface of Hair
Semi-quantitative analysis of 18-MEA and sulfonate group on the surface of the hair fiber were measured by a Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) IV instrument (ION-TOF GmbH, Münster, Germany) using 25-keV Bi 32+ primary ions in high-current bunched mode. The analysis area of 50 µm × 50 µm was randomly rastered by primary ions and was charge-compensated by low-energy electron flooding. The amount of 18-MEA and sulfonate group were expressed as the relative ion yield of 18-MEA versus the CN ion yield, which was derived from hair proteins [18] . In this study, the CN ion was used for normalization since the matrix of hair surface is keratinous protein and the CN ion was strongly detected in the TOF-SIMS measurement of hair samples.
Atomic concentration of S(IV), which is proportional to the amount of sulfonate group [19] , was measured by X-ray photoelectron spectroscopy measurements (XPS) using a PHI Quantera SXM instrument (Ulvac PHI, Kanagawa, Japan) equipped with a monochromatized and focused Al Kα X-ray beam. All XPS measurements were performed using a focused X-ray source (diameter 100 µm; power 25 W) with the photoelectron pass energy of 112 eV. Charge compensation of the samples was accomplished using a dual beam charge compensation system that utilizes both an electron flood source and a low energy argon ion sputter gun. Binding energy values were corrected relative to the C1s peak at 284.8 eV.
Measurement of Surface Properties of Hair.
Dynamic contact angles (advancing contact angle and receding contact angle) were measured by the Wilhelmy method [20, 21] using a K100MK2 tensiometer (Krüss GmbH, Hamburg, Germany). Single hair fibers were scanned over 3 mm at a velocity of 2 mm/min for the advancing mode. Dynamic contact angles were calculated from
where F is the wetting force, d is the diameter of hair, γ is the surface tension of water and θ is the contact angle of the liquid versus fiber surface. The hair fiber diameter was measured on the transverse section of each fiber with a rotating fiber diameter measurement system equipped with a laser (Kato Tech Co., Kyoto, Japan) at 20 • C and the relative humidity (RH) of 65%. The wetting force measurements were also performed at 20 • C, 65% RH. Elastic modulus of surface of hair fibers in wet environment were measured by atomic force microscopy (AFM) nanoindentation using Multimode NanoScope V equipped with a fluid cell (Bruker, Santa Barbra, CA, USA). Force−displacement curves were collected by force-volume mode (16 × 16 points within 3 µm × 3 µm area) using silicone probes (NCHV). The Young's modulus of the all points was determined by curve fitting based on Hertz model.
Frictional properties of the surface of hair in the wet environment were measured using a Nanoscope III Dimension 3000 (Veeco Instruments, Santa Barbra, CA, USA). Friction force microscopy (FFM) data were acquired using unmodified silicon nitride (Si-N) cantilevers (spring constant of 0.12 Nm −1 ). After engagement of the tip with the cuticle surface, the tip was scanned parallel to the longitudinal axis of the fiber. To characterize frictional properties, 2 µm × 2 µm scans of the cuticle faces (without edges) were performed.
Frictional properties of the surface of hair in the dry environment were measured using a KES-SE friction tester (Kato Tech Co., Kyoto, Japan). The hair strands were mounted on a glass plate in such a way that all strands of hair were separated and parallel to each other at 5 mm intervals. The test was conducted at a temperature of 20 • C and a relative humidity of 65%.
Heat transfer characteristic (q max ) of hair was measured using a KEF-F7 Finger-robot Thermo Labo (Kato Tech Co., Kyoto, Japan) [22] . A sensor covered with silicon rubber, which has properties similar to those of human skin, was heated to 36 • C. By bringing the sensor into contact with a hair tress, heat was transferred from the temperature sensor to the hair tress. Based on the temperature changes, heat transfer speed "q" was measured, and then the peak value "q max " was calculated.
Measurement of Surface Properties of Adsorbed Layer on Mica
AFM images of the adsorbed layer on the mica surfaces were obtained using a Nanoscope IIIa Multi Mode AFM (Veeco Instruments, Santa Barbara, CA, USA) with an E-Scanner. Tapping mode imaging was used to obtain topographic images of the adsorbed membrane layers. To ensure that imaging the membrane caused no damage, the tapping force was set at the lowest possible level. The nominal spring constants of cantilevers are reported by the manufacturer to be 20-100 N/m. All images presented in this work were obtained reproducibly over at least three spots on the sample surfaces. The images were acquired with a scan rate of either 0.5 or 1.0 Hz and were flattened with a first-order polynomial prior to analysis.
The mechanical properties of the adsorbed membrane were analyzed using the AFM scratching method [23] [24] [25] [26] , using a Nanoscope IIIa Multi Mode AFM. Scratching of the adsorbed membrane was performed in contact mode at a constant force and a micro fabricated tip made of silicon nitride (Si-N) and a cantilever, having a spring constant 0.38 N/m, was used. First, an image (typically, 5 µm × 5 µm) of the adsorbed membrane was acquired, then, a smaller area (typically 1 µm × 1 µm) was scanned while loading the tip hard onto the surface. Following this, the scanning was repeated over the larger area. This method is hereafter called "scratching". Thus, if the adsorbed layer was strongly bound to the surface, it was harder to remove.
Measurements of the thicknesses of the adsorbed layers on the mica surfaces were obtained using a NanoScope V multi mode AFM (Veeco Instruments, Santa Barbara, CA, USA), equipped with an environment control cell, and the substrate temperature was controlled using a heating stage, which has been modified to be programmable. Firstly, the membrane thickness was measured at room temperature, then the temperature of the sample stage decreased at a rate of 1 • C/min to a temperature (25 • C, 15 • C, 5 • C, 0 • C, −5 • C and −10 • C), where it was maintained for at least an hour.
Molecular orientation of the 18-MEA/SPDA layer was determined by angle-resolved X-ray photoelectron spectroscopy (ARXPS) [15] which is a nondestructive method to obtain elemental and chemical-state information as a function of depth. ARXPS data was obtained using a Quantera SXM spectrometer (ULVAC PHI, Kanagawa, Japan) with a monochromatized Al Kα X-ray source at 15 kV and 25 W. Survey spectra were recorded at a takeoff angle of 45 • and pass energy of 280 eV with a cylindrical-mirror analyzer. Angle resolved spectra were recorded at five takeoff angles, 70, 45, 25, 15, 10 degrees in a high energy resolution mode with pass energy of 112 eV.
Results
The Relationship between Surface Properties and the Amount of 18-MEA
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Contribution of Epicuticle to the Hair Surface Properties
The dynamic contact angles, amount of 18-MEA and sulfonate group (-SO 3− ) were measured for untreated hair, bleached hair (B4 hair), and bleached and weathered hair (B4W hair). The results are shown in Table 3 . B4 hair has lost 18-MEA but keeps hydrophobicity. On the other hand, B4W hair has lost both 18-MEA and hydrophobicity. B4 hair had the highest amount of sulfonate groups. Surprisingly, although B4 hair samples have a higher amount of sulfonate groups compared to B4W hair samples it showed stronger hydrophobicity than B4W hair samples. 3 Atomic concentration of S(IV) measured by X-ray photoelectron spectroscopy (XPS).
The elastic modulus of the epicuticle in a wet environment has been measured by AFM. The results are shown in Figure 3 . Elastic modulus of B4 hair is almost same as that of untreated hair. B4W hair is around 80% of that of untreated hair. 
Regeneration of Hydrophobic Layer onto Hair Surface Using 18-MEA
Regeneration of the hydrophobic layer onto the hair surface using 18-MEA has been studied [15] . Bleached and weathered hair was treated with 18-MEA and long-chain tertiary amine or quaternary cationic surfactant salts containing conditioners and shampooed (formulation of conditioners and shampoo is written in Tables 2 and 4 ; in Table 4 , lactic acid has been used to neutralize dimethylaminopropylstearamide (DAPS) or SPDA because they are tertiary amines). Results are shown in Figure 4 . Surface properties such as contact angle and friction were recovered to the level of healthy hair by application of conditioner containing 18-MEA/SPDA. 
Regeneration of the hydrophobic layer onto the hair surface using 18-MEA has been studied [15] . Bleached and weathered hair was treated with 18-MEA and long-chain tertiary amine or quaternary cationic surfactant salts containing conditioners and shampooed (formulation of conditioners and shampoo is written in Tables 2 and 4 ; in Table 4 , lactic acid has been used to neutralize dimethylaminopropylstearamide (DAPS) or SPDA because they are tertiary amines). Results are shown in Figure 4 . Surface properties such as contact angle and friction were recovered to the level of healthy hair by application of conditioner containing 18-MEA/SPDA. AFM height images of the adsorption layer on mica after treated with conditioners are shown in Figure 5 . In this figure, dark areas are mica without sorbed compounds, and bright areas indicate the existence of a sorbed layer from conditioner. Adsorption layer made by salt of 18-MEA and SPDA (18-MEA/SPDA) covered mica uniformly. Regarding the thickness of the18-MEA/SPDA layer, it was AFM height images of the adsorption layer on mica after treated with conditioners are shown in Figure 5 . In this figure, dark areas are mica without sorbed compounds, and bright areas indicate the existence of a sorbed layer from conditioner. Adsorption layer made by salt of 18-MEA and SPDA (18-MEA/SPDA) covered mica uniformly. Regarding the thickness of the18-MEA/SPDA layer, it was estimated to be about 1 nm.
Adsorption layer of 18-MEA/SPDA showed wear resistance. Figure 6 shows AFM height image after scratching test using a rastering a tip with constant force. The white squares indicate where 1000 nm × 1000 nm scratching tests have been done. In the image of adsorbed film treated by (b) 18-MEA/DAPS or (c) 18-MEA/stearyltrimethylammonium chloride (STAC), a square groove was observed. On the other hand, treatment by (a) 18-MEA/SPDA showed no such groove. These results indicate that the 18-MEA/SPDA conditioner adsorbed homogeneously on the mica surface and had a high wear resistance. Figure 7 shows the temperature dependency of the adsorption layer thickness composed of 18-MEA/SPDA and n-heneicosanoic acid (n-HEA)/SPDA. The layer thickness of 18-MEA/SPDA drastically increased at a temperature around 0~10°C. On the other hand, the layer thickness of n-HEA /SPDA is more stable from the temperature range of 25°C to −10°C. indicate that the 18-MEA/SPDA conditioner adsorbed homogeneously on the mica surface and had a high wear resistance. Figure 7 shows the temperature dependency of the adsorption layer thickness composed of 18-MEA/SPDA and n-heneicosanoic acid (n-HEA)/SPDA. The layer thickness of 18-MEA/SPDA drastically increased at a temperature around 0~10°C. On the other hand, the layer thickness of n-HEA /SPDA is more stable from the temperature range of 25°C to −10°C. 
Influences of 18-MEA on Hair Appearance and Sensory Perception
The influence of the removal of 18-MEA especially in a wet state has been studied [18] . Summary of structural and physical properties of hair are listed in Tables 5 and 6 . Removal of 18-MEA and decrease in contact angle were observed. Friction forces measured using the FFM technique [11] are shown in Figure 9 Surface friction increased after removal of 18-MEA in a wet state. To the contrary there was almost no change in surface feature and physical properties inside 
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Untreated Hair
18-MEA Removed Hair Comparison of hair tresses before and after removal of 18-MEA is shown in Figure 10 . There is strong difference for the shape of hair bundles after towel drying was observed. Hair fibers with 18-MEA form fine bundles with parallel hair fiber alignment. On the other hand, hair fibers without 18-MEA form thick bundles which were disorderly. The shape of the hair bundles in a wet state influenced the appearance of hair strands after drying. Figure 12 shows relationship between the qmax and proportion of frizzy hair to straight hair. Appearance of hair tresses made by adding curly hair fibers to straight hair tresses are also shown. This result indicates a strong relationship between qmax and degree of order of hair alignment. 
Discussion
The Relationship between Surface Properties and the Amount of 18-MEA
The semi-quantitative amount of 18-MEA on the outermost surface of hair and dynamic contact angles were measured. Advancing contact angle is the contact angle which is produced in the course of a wetting process. For the advancing contact angle, decrease happened in two distinct stages which is shown in Figure 13 : firstly, when the semi-quantitative amount of 18-MEA decreased to zero, the advancing contact angle decreased gradually from 120° to around 100°. The correlation coefficient (R) was 0.76 and the p-value (p) was 4.0 × 10 −29 (n = 149) for the slope of the line. There was significant correlation between the advancing contact angle and the semi-quantitative amount of 18-MEA. Secondly, after the semi-quantitative amount of 18-MEA reached zero, the advancing contact angle still decreased from around 100° to 70°. Surprisingly, some surfaces of hair did not become hydrophilic, even after losing of 18-MEA.
Receding contact angle is the contact angle which is produced in the course of a drying process. The receding contact angle decreased in a linear manner from 80° to 0° as the semi-quantitative amount of 18-MEA decreased to zero. The correlation coefficient (R) was 0.92 and p-value (p) was 4.0 × 10 −99 (n = 237) for the slope of the regression. There was significant correlation between the receding contact angle and the semi-quantitative amount of 18-MEA. The two stages of change for the decrease in advance contact angle were observed in all ethnic groups. The relationship between surface properties and the amount of 18-MEA indicates that a decrease in 18-MEA on the cuticle surface has a stronger affect on the fibers when changing from a wet to a dry environment, compared to changing from a dry to wet environment. This result corresponds to the article which indicates that the receding contact angle is more sensitive to coverage by a hydrophobic region if its coverage is high [27] . 
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Contribution of Epicuticle to the Hair Surface Properties
The results (Figures 1 and 2 ) also indicate that some of the sampled hair fibers keep their hydrophobicity even in the absence of 18-MEA. Epicuticle whose outer layer is covered by fatty acid layer mainly consists of 18-MEA has been focused. The epicuticle was firstly reported as a thin membrane called Allwörden sac [28] . Several studies such as component analysis [29] , microscopic observations [30] , AFM analysis [31] , and TOF-SIMS [32] have been conducted to reveal its structure; however, there is still no literature which indicates contribution of epicuticle to the hydrophobic nature of hair fiber.
Since 18-MEA binds covalently to the epicuticle via thioester or ester linkage, cleavage of these linkages by alkaline treatment produces cysteic acid [33] . Semi-quantitative analysis of sulfonate group was carried out by TOF-SIMS and X-ray photoelectron spectroscopy (XPS) measurements. In the case of XPS, atomic concentration of S(IV), which is proportional to the amount of sulfonate group [33] , was measured.
As the result, B4 hair samples had a higher amount of sulfonate groups compared to B4W hair samples it showed stronger hydrophobicity than B4W hair samples. One possible interpretation of this phenomena was derived from the data of contact angle hysteresis. Hysteresis of untreated hair and B4 hair is almost the same at around 52°, whereas that of B4W hair is around 70°. The difference in contact angle hysteresis is explained by the mobility of hydrophilic groups [34] . Hydrophilic groups on the B4W hair are thought to be more flexible than those of untreated and B4 hair.
As previously described, the hair surface maintains its hydrophobicity only after repeatedly bleaching. Decreases in the contact angle caused by chemical treatment and mechanical damage have been described previously [35] . Our results are different from previous publications, since both the kinds of chemical treatment and the hair sampling area differ. In our study, the hair sample was cut at the root end, expecting the surface structure to be intact.
To obtain further information to indicate flexibility of hydrophilic groups of B4W hair, the elastic modulus of the epicuticle in a wet environment was measured. Epicuticle is a highly cross-linked protein layer [31] . It is expected that crosslinking density would decrease with its degradation because of mechanical degradation of the protein chain [36] . A lower crosslinking density causes easier swelling when wetted. The results indicate that only chemical treatment, that is, bleaching lotion, has no influence on the elastic modulus of the epicuticle, but the combination of chemical treatment and weathering, such as repeatedly shampooing, degrades the epicuticle. Mechanical degradation of the protein chain decreases crosslinking density and causes flowing out 
As the result, B4 hair samples had a higher amount of sulfonate groups compared to B4W hair samples it showed stronger hydrophobicity than B4W hair samples. One possible interpretation of this phenomena was derived from the data of contact angle hysteresis. Hysteresis of untreated hair and B4 hair is almost the same at around 52 • , whereas that of B4W hair is around 70 • . The difference in contact angle hysteresis is explained by the mobility of hydrophilic groups [34] . Hydrophilic groups on the B4W hair are thought to be more flexible than those of untreated and B4 hair.
To obtain further information to indicate flexibility of hydrophilic groups of B4W hair, the elastic modulus of the epicuticle in a wet environment was measured. Epicuticle is a highly cross-linked protein layer [31] . It is expected that crosslinking density would decrease with its degradation because of mechanical degradation of the protein chain [36] . A lower crosslinking density causes easier swelling when wetted. The results indicate that only chemical treatment, that is, bleaching lotion, has no influence on the elastic modulus of the epicuticle, but the combination of chemical treatment and weathering, such as repeatedly shampooing, degrades the epicuticle. Mechanical degradation of the protein chain decreases crosslinking density and causes flowing out of protein fragments, believed to be the reason for the decreasing amount of sulfonate groups in B4W hair. To illustrate these findings, a schematic illustration of the epicuticle's degradation process is shown in Figure 14 . After bleaching, most of the 18-MEA was removed, resulting in sulfonate groups. Sulfonate groups were fixed tightly inside the highly cross-linked protein layer reducing their contribution to hydrophobicity due to their low mobility. Treatment with both bleaching lotion and weathering, such as repeatedly shampooing, reduces crosslinking density of epicuticle because of mechanical degradation [36] . This makes the hydrophilic function groups flexible, greatly contributing to the hydrophobicity of the hair surface despite an overall decrease of sulfonate groups. [37] .
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Regeneration of Hydrophobic Layer onto Hair Surface Using 18-MEA
Surface properties such as contact angle and friction were recovered to the level of healthy hair by application of 18-MEA/SPDA containing conditioner and shampooed. One of the reasons why 18-MEA/SPDA shows persistent hydrophobicity was shown by AFM measurement on adsorption layer on mica, which is a model of damaged hair surface. To get a height image of the adsorption layer, mica, whose surface is atomically flat, has been used. 18-MEA/SPDA adsorption layer not only covered mica uniformly but also showed wear resistance, believed to contribute to persistent hydrophobicity.
The role of the anteiso-branch of 18-MEA has been studied [38] in order to clarify why 18-MEA/SPDA adsorption layer shows wear resistance. It is well known that the melting point of 18-MEA is approximately 20°C lower than that of other isomers [39] . In addition, because of the large segmental volume of the anteiso-branch structure, it was expected that the absorption layer consisting of 18-MEA will exhibit liquid-like behavior at the terminal end of the alkyl chain compare to solid-like behavior for straight chain fatty acids [4, 40] . Existence of liquid-like phase on the upper side of 18-MEA/SPDA adsorption layer was demonstrated by using AFM equipped with a temperature control cell.
The layer thickness of 18-MEA/SPDA drastically increased at a temperature around 0~10°C, which was considered to be chiefly due to the anteiso-branch chain coagulation. Layer thickness of 18-MEA/SPDA was observed lower than that of n-HEA/SPDA because of the anteiso-branch chain rotation above 5°C.
To illustrate the 18-MEA/SPDA layer, it is important to identify the molecular orientation of 18-MEA and SPDA. Results shown by ARXPS suggest that hydrophobic function groups attach to the solid surface. To comprehend the detailed structure of the stronger adsorption layer, Figure 15 shows a schematic diagram of the adsorption layer made of 18-MEA/SPDA. In this diagram, there is liquid-like phase on the upper side which is thought to contribute the wear resistance [38] . 
The role of the anteiso-branch of 18-MEA has been studied [38] in order to clarify why 18-MEA/SPDA adsorption layer shows wear resistance. It is well known that the melting point of 18-MEA is approximately 20 • C lower than that of other isomers [39] . In addition, because of the large segmental volume of the anteiso-branch structure, it was expected that the absorption layer consisting of 18-MEA will exhibit liquid-like behavior at the terminal end of the alkyl chain compare to solid-like behavior for straight chain fatty acids [4, 40] . Existence of liquid-like phase on the upper side of 18-MEA/SPDA adsorption layer was demonstrated by using AFM equipped with a temperature control cell.
The layer thickness of 18-MEA/SPDA drastically increased at a temperature around 0~10 • C, which was considered to be chiefly due to the anteiso-branch chain coagulation. Layer thickness of 18-MEA/SPDA was observed lower than that of n-HEA/SPDA because of the anteiso-branch chain rotation above 5 • C.
Influences of 18-MEA on Hair Appearance and Sensory Perception
One of the functions of 18-MEA on the surface of mammalian hair is to create a water repellency for maintenance of body temperature. In addition, influence on hair appearance [18] and sensory perception [22] via hair alignment were studied.
Structural and physical properties of hair before and after removing 18-MEA showed increases in surface friction and decreases in hydrophobicity. Strong difference for the shape of hair bundles in a wet state was observed before and after removal of 18-MEA. To avoid damage on hair internal structure such as cortex, anhydrous alkaline treatment has been used to remove 18-MEA from surface of hair fibers [41] . Figure 16 shows a schematic diagram of hair interaction in a wet state. In the case of hair fibers without 18-MEA, water between hair fibers spreads easily and causes hair fibers to bind together tightly, resulting in many tangles within the hair bundles. On the other hand, hair fibers with 18-MEA, water between hair fibers doesn't spread. Therefore, hair fibers bind together less tightly. Because of low friction, hair fibers can move easily, rearrange themselves, and finally lie in ordered parallel lines.
Untreated Hair 18-MEA Removed Hair The relationship between hair alignment and sensory perception, such as a moisturized or dried-out feeling, was studied [22] . As previously described, the existence of 18-MEA influenced hair appearance via formation of hair alignment. A moisturized or dried-out feeling perceived was explained by heat transfer characteristic, which was closely related to degree of order of hair alignment.
A schematic diagram how 18-MEA affects hair appearance is illustrated in Figure 17 . Existence of 18-MEA affects surface properties such as contact angle. Surface properties affect the shape of hair bundles in wet conditions via interaction between hair fibers. Shape of hair bundles affects hair appearance and sensory perception of hair. 
Structural and physical properties of hair before and after removing 18-MEA showed increases in surface friction and decreases in hydrophobicity. Strong difference for the shape of hair bundles in a wet state was observed before and after removal of 18-MEA. To avoid damage on hair internal structure such as cortex, anhydrous alkaline treatment has been used to remove 18-MEA from surface of hair fibers [41] . Figure 16 shows a schematic diagram of hair interaction in a wet state. In the case of hair fibers without 18-MEA, water between hair fibers spreads easily and causes hair fibers to bind together tightly, resulting in many tangles within the hair bundles. On the other hand, hair fibers with 18-MEA, water between hair fibers doesn't spread. Therefore, hair fibers bind together less tightly. Because of low friction, hair fibers can move easily, rearrange themselves, and finally lie in ordered parallel lines. 
Untreated Hair
18-MEA Removed Hair The relationship between hair alignment and sensory perception, such as a moisturized or dried-out feeling, was studied [22] . As previously described, the existence of 18-MEA influenced hair appearance via formation of hair alignment. A moisturized or dried-out feeling perceived was explained by heat transfer characteristic, which was closely related to degree of order of hair alignment.
A schematic diagram how 18-MEA affects hair appearance is illustrated in Figure 17 . Existence of 18-MEA affects surface properties such as contact angle. Surface properties affect the shape of hair bundles in wet conditions via interaction between hair fibers. Shape of hair bundles affects hair appearance and sensory perception of hair. The relationship between hair alignment and sensory perception, such as a moisturized or dried-out feeling, was studied [22] . As previously described, the existence of 18-MEA influenced hair appearance via formation of hair alignment. A moisturized or dried-out feeling perceived was explained by heat transfer characteristic, which was closely related to degree of order of hair alignment.
Conclusions
Surface degradation of hair was reviewed. Surface properties such as hydrophobicity and surface friction changed as surface structures of the hair fiber, that is, 18-MEA and epicuticle, degraded. Comparison of contact angle and amount of 18-MEA from root to tip of sampled hair fibers clarified contribution of not only 18-MEA but also epicuticle to the surface properties. This tendency was found for all ethnicities studied. It was found that chemical treatment by itself, such as bleaching, was not enough to cause a complete loss of hydrophobic nature, even after 18-MEA was removed. An additional weathering process, such as repeatedly shampooing, was required for complete hydrophobicity loss. After degradation of epicuticle, the hair surface turned hydrophilic. Degradation of epicuticle was accompanied by increased hysteresis of the dynamic contact angle and a decrease in elasticity in a wet state, implying cleavage of crosslinking structures.
Recovery of surface properties by using 18-MEA was also presented. 18-MEA salt with SPDA was effective for formation of a persistent adsorption layer. One of the reasons for persistency was based on liquid-like behavior around the terminal of the alkyl-chain due to rotation movement of the anteiso-branch.
Contribution to the hair beauty and sensory perception as one of the practical functions of the hair surface was studied. The hydrophobic nature of the hair surface reduced surface friction in a wet state, which reduces hair disorder alignment. Reduction of hair disorder alignment contributed to a moist feeling of hair.
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Abbreviations
18-MEA
18-methyl eicosanoic acid XPS X-ray photoelectron spectroscopy SPDA Stearoxypropyldimethylamine DAPS Dimethylaminopropylstearamide STAC Stearyltrimethylammonium chrolide n-HEA n-Heneicosanoic acid
